INTRODUCTION
Many kinds of tea such as green tea, black tea and Oolong tea are consumed worldwide. It is the most widely consumed beverage aside from water. Fresh tea leaf includes polyphenols such as catechins, which constitute up to 30% of the dry leaf weight, flavanols, and depsides (Kilmartin & Hsu 2003) . Tea leaves also contain an active polyphenol oxidase which catalyzes the aerobic oxidation of catechins in tea leaves. In the fermentation of tea leaves, various quinones are produced by enzymatic oxidations, and react with amino acids in tea leaves, which causes condensation reactions. As a result, a series of compounds including bisflavanols, theaflavins and thearubigins are produced. Incidentally, these compounds have the characteristic taste and color properties of black tea and Oolong tea. Thearubigins constitute the largest mass in extractable matter from Oolong tea and black tea, and are called Oolong tea polyphenols (Graham 1992; Nakahara et al. 1993; Pan et al. 2000) .
Wastewater from soft drink manufacturers contains a large amount of Oolong tea polyphenols which color the wastewater to dark brown. When the colored soft drink wastewater is discharged into an aquatic environment, it cut off the solar light due to its intense dark brown color and affects algal photosynthesis in the aquatic environment. Furthermore, a high organic load of Oolong tea polyphenols must lead to pollution problems in the aquatic environment. Consequently, the wastewater including Oolong tea polyphenols need to be decolorized and degraded before discharge into the aquatic environment. However, Oolong tea polyphenols are tolerant of decolorization and degradation by traditional biological treatments such as activated sludge systems because of their high antioxidant properties.
The photo Fenton reaction, which is one of advanced oxidationprocesses(AOPs), has been effectivelyused forwastewater treatments (Ruppert et al. 1993; Sun & Pignatello 1993; Tokumura et al. 2006a, b; Catalkaya & Kargi 2008; Zhang et al. 2008; Saatci 2010) . The photo Fenton reaction is attributed to the oxidation power of HO radicals. HO radicals are formed by the decomposition of hydrogen peroxide catalyzed by a ferrous ion and the photo-reduction of a ferric ion. These two oxidation-reduction reactions in the photo Fenton reaction occur repeatedly, as a result, organic pollutants in the solution are completely mineralized to CO 2 and H 2 O (Wu et al. 2007) . Because of the high oxidation ability of HO radicals, the photo Fenton reaction must be effective to degrade Oolong tea polyphenols. The effective treatment of Oolong tea polyphenols in the colored soft drink wastewater by the photo Fenton reaction has not been investigated until now as far as we know. In this study, the decolorization and the mineralization of Oolong tea polyphenols in the recalcitrant colored soft drink wastewater by the photo Fenton reaction have been investigated.
METHODS
Hydrogen peroxide (H 2 O 2 , 30 wt%) and iron(II) sulfate heptahydrate (FeSO 4 Á 7H 2 O) were used for Fenton reagents. Sulfuric acid was used for pH control before experiments. All chemicals were reagent grade and purchased from Kanto Chemical Co., Inc. (Japan). In this study, the canned drink of Oolong tea (National Federation of University Co-operative Associations, Japan) was used as the model colored soft drink wastewater including Oolong tea polyphenols. According to the maker, the composition of the commercial Oolong tea is Chinese Oolong tea extracts and ascorbic acid. Experiments were carried out in a Pyrex glass cylindrical reactor of a 0.10 m diameter and a 0.20 m height. The working volume was 1 L. All experiments were conducted in a batch mode and at room temperature. In order to adjust pH of the solution, we used sulfuric acid. The pH monitoring of the initial solution and the samples was performed using a pH meter (Toa Denpa, Co., Japan). All experiments were carried out without adding any buffers for pH adjustments during the decolorization process. UV light irradiation sources were three 15 W near-UV (black light) fluorescent lamps (FL15T8BLB, Sankyo Electronics, Co., Japan) having the radiation peak at 352 nm and the photon flux of 4.42 Â 10 À5 Einstein s À1 . They were located around the cylindrical photoreactor and externally irradiated the solution. The distance between the photoreactor surface and the lamps was 0.025 m. The irradiance was measured by a UV radiometer (UVR-2 þ UD-36, Topcon Co., Japan), which was 2.78 W sr À1 m À2 .
Samples from the liquid phase were withdrawn at predetermined time intervals using a syringe. In order to remove fine solids (ferric oxyhydroxides, iron complexes, etc.), the sample was filtered with a membrane filter (Toyo Roshi Ltd., Japan) before measuring the solution absorbance and the TOC (total organic carbon) concentration. The color of the solution changed from brown to clear and colorless during the degradation process. The decolorization was measured as the decrease in color density at 400 nm, which was selected on the basis of the experimental measurements using a UVvis spectrophotometer (Hitachi U-1100, Hitachi Ltd., Japan) (Tokumura et al. 2006a) . The reaction might continue after sampling even in the absence of light irradiation. Therefore, the absorbance of sample was measured in 1 min (Feng et al. 2005) . Incidentally, the absorbance did not change with time during absorbance measurements.
The photo Fenton reaction was initiated by addition of a known amount of H 2 O 2 to the solution including iron(II) sulfate heptahydrate as a source of iron. The solution was fully stirred with a magnetic stirrer to ensure complete mixing of reagents. The experiment was performed by triplicates to assure reproducibility.
The TOC concentration was measured using a TOC analyzer (TOC-VE, Shimazu, Co., Japan). The concentration of hydrogen peroxide in sample solutions was measured by the glucose oxidase (GOD) method (Tokumura et al. 2006b ). The concentrations of total Fe ions and Fe 2 þ ions in the sample solution versus time were measured by the 1, 10-phenanthroline method (AQUAB Model AQ-103, Shibata Sci. Technol. Ltd., Japan) (Moss & Mellon 1942) . The concentration of Fe 3 þ ions was evaluated by subtracting the Fe 2 þ ion concentration from the total Fe ion concentration.
RESULTS AND DISCUSSION
The color of the colored soft drink wastewater including Oolong tea polyphenols is attributed to Oolong tea polyphenols having conjugated carbon-carbon double bonds in their structure (Graham 1992) . During the decolorization and degradation processes, cleavage of the conjugated carboncarbon double bonds occurs. This leads to the decolorization and subsequently the degradation to CO 2 and H 2 O.
The typical experimental result with 229 mg L À1 of the initial TOC concentration, C 0 , 40 mg L À1 of the initial total Fe concentration (Fe 2 þ plus Fe 3 þ ), C Fe(total) , and 2000 mg L À1 of the initial hydrogen peroxide concentration, C HP is described in Figure 1 . It was observed that the decolorization of the model colored soft drink wastewater including Oolong tea polyphenols by the photo Fenton reaction could be divided into 3 phases. Just after H 2 O 2 was added into the solution, the color of the solution immediately increased from absorbance of 0.247 to 0.711, which was defined as the 1st phase. Subsequently the significant decolorization occurred at the 2nd phase. Finally, complete decolorization could be achieved in 180 min at the 3rd phase.
When H 2 O 2 was added into the solution, it reacted with Fe 2 þ instantaneously (Fenton reaction), which generated a large amount of HO radicals. Produced HO radicals attacked to Oolong tea polyphenols, which led to the decolorization and the mineralization of the colored wastewater. Therefore, the quick mineralization of the colored wastewater was observed at the beginning of the experiment. However, the color of the colored wastewater darkened initially. The instantaneous and considerable color increase at the 1st phase could be attributed to the formation of intermediate colored compounds like quinones and soluble iron complexes (Will et al. 2004) . According to Witt's theory (Roberts & Caserio 1977) , it can be postulated that the conjugation of HO radicals as auxochromes with delocalized p-electron systems called chromophores in the molecular structure of Oolong tea polyphenols might cause a sharp increase in color. The same trend was obtained by the decolorization of coffee effluent which has a large amount of polyphenols like Oolong tea polyphenols (Tokumura et al. 2006a (Tokumura et al. , 2008 . After that, the color of the wastewater decreased gradually due to the photo Fenton reaction (the 2nd phase). Finally, at the 3rd phase, complete decolorization was achieved. The mechanism of decolorization at the 3rd phase will be discussed in detail in the following section.
The H 2 O 2 concentration decreased lineally due to the consumption by Fenton reaction. It is clear that the complete consumption of H 2 O 2 was achieved around 100 min of elapsed time.
The pH of the wastewater decreases with time from 3 to around 2.6 at 30 min of elapsed time. It may be due to the formation of organic acids as intermediates of the degradation of Oolong tea polyphenols. After that, intermediates were degraded by the photo Fenton reaction. Therefore the pH of the wastewater increased to around 3.2 gradually. However, the changes in wastewater pH during 1st and 2nd phases were not significant. As a result, this must not significantly affect the degradation of Oolong tea polyphenols by the photo Fenton reaction. Incidentally, pH changes during the reaction under all of the other experiments showed a similar trend. Therefore, the effects of pH changes during 1st and 2nd phases on the degradation of Oolong tea polyphenols were ignored in this study. On the other hand, the effects of pH change at the 3rd phase on the precipitation of Fe 3 þ cannot be ignored because Fe 3 þ started to precipitate from around 3.2 of the solution pH (Rodriguez 2003) .
Initial Fe valence was 2 because FeSO 4 was used as the iron source in this study. Therefore, just after adding the H 2 O 2 into the solution, the Fenton reaction occurred, and most of the Fe ions oxidized to Fe 3 þ instantaneously. After that, the reduction of Fe 3 þ by the light energy became the rate-limiting step under the range of UV light intensity applied in this study. Figure 2 shows time changes of Fe ion concentrations (such as Fe 2 þ , Fe 3 þ and total Fe ion) during the decolorization of the colored soft drink wastewater by the photo Fenton reaction. The concentration of Fe 2 þ decreased instantaneously due to the Fenton reaction. Fe 3 þ produced by the oxidation of Fe 2 þ by the Fenton reaction was reduced to Fe 2 þ by the reduction induced by the adequate light energy having wavelengths under 540 nm (Tokumura et al. 2009) .
However, when H 2 O 2 existed in the solution, Fe 2 þ produced by the photo-reduction of Fe 3 þ was oxidized to Fe 3 þ by the reaction with H 2 O 2 immediately. As a result, the Fe 2 þ concentration was almost depleted when H 2 O 2 was still present in the solution. After the H 2 O 2 was consumed completely, the Fenton reaction was not able to occur, which led to increase the concentration of Fe 2 þ in the solution. From Figure 2 , the total Fe concentration decreased with the increase in the Fe 2 þ concentration. At this phase, the solution pH was around 3.2. In pH 3.2, Fe 3 þ existed as Fe 3 þ , FeOH 2 þ , Fe(OH) 2 þ in the solution, and mol fractions calculated from equilibrium constants are 0.150, 0.824 and 0.026, respectively (Misawa 1973) . Additionally, solubilities calculated from solubility products at pH 3.2 are 1.78 Â 10 11 mg L À1 and 0.56 mg L À1 , respectively (Lide 2003) . The oxidation of Fe 2 þ increased the ratio of the Fe 3 þ concentration to the total Fe concentration, and Fe 3 þ started to precipitate due to the oversaturation. Consequently, the total Fe concentration decreased. The photo Fenton reaction is attributed the photo-reduction of Fe 3 þ which has the absorbance in the range of wavelengths under 540 nm (Tokumura et al. 2009) . In this study, the extent of the decolorization was defined in term of the reducing absorbance at 400 nm of wavelength (Tokumura et al. 2006a) . Therefore, the absorbance at 400 nm includes the light absorption by Fe 3 þ . According to the preliminary experimental data, the absorbance of Fe 3 þ concentration of 40 mg L À1 was approximately 0.2. To estimate the extent of decolorization of colored soft drink wastewater originated by Oolong tea polyphenols, the absorbance attributed by Fe 3 þ should be excepted. In Figure 3 , the relationship between the Fe 3 þ concentration and the absorbance is depicted. It was clear that the color attributed from Oolong tea polyphenols can be removed completely at 80 min of elapsed time. After that, the color of the wastewater was caused by Fe 3 þ only. With the precipitation of Fe ions and the photo-reduction of Fe 3 þ , the Fe 3 þ concentration decreased. As a result, the complete decolorization was achieved at 200 min of elapsed time.
The degradation and the mineralization of Oolong tea polyphenols determined by reducing of TOC were carried out, and results are shown in Figure 4 . As compared between the Fenton reaction and the photo Fenton reaction, the Fenton reaction has higher reaction kinetics constant. In other words, the Fenton reaction has higher production rate of HO radicals. From Figure 4 , degradation rates just after the adding of H 2 O 2 (the 1st phase) and after that (the 2nd phase) were significantly different, and the degradation rate at the later step (the 2nd phase) showed slower than that of the primary step (the 1st phase). Incidentally, the degradation rates at the 1st-and 2nd-phase were À15.4 mg L À1 min À1 and À1.85 mg L À1 min À1 , respectively. The statistically significant of them were verified by a t-test, and the p-value of 0.00063 was obtained. The relationship between the concentration of Fe 3 þ and absorbance at 400 nm. The H 2 O 2 concentration, which was the source of HO radicals of the Fenton reaction, was exhausted completely at 100 min of elapsed time. Therefore, further oxidation did not occur, and the TOC concentration did not reduce more.
CONCLUSIONS
The decolorization and the mineralization of the colored soft drink wastewater including Oolong tea polyphenols by the photo Fenton reaction were investigated. The present results suggested that the photo Fenton reaction are very efficient for the treatment of the colored soft drink wastewater. The wastewater was decolorized in three established phase reactions: the initial quick increment of color intensity (the 1st phase), significant decolorization controlled by the photo Fenton reaction (the 2nd phase) and subsequent decolorization by the precipitation of Fe ions and the photo-reduction of Fe 3 þ (the 3rd phase). The color attributed to Oolong tea polyphenols was removed by the photo Fenton reaction at around 80 min of elapsed time. However, Fe 3 þ being the catalyst in the photo Fenton reaction has the color. Therefore, the model soft drink wastewater was still stained due to Fe 3 þ . After that, the precipitation of Fe ions and the photo-reduction of Fe 3 þ occurred. Finally, the complete decolorization of model soft drink wastewater was achieved at around 180 min of elapsed time.
The degradation and the mineralization of Oolong tea polyphenols were determined by the reduction of TOC. About 95% mineralization of model colored soft drink wastewater with 229 mg L À1 initial TOC concentration was achieved after 165 min of elapsed time.
